The citrus disease Huanglongbing (HLB) is highly destructive in many citrus-growing regions of the world. The putative causal agent of this disease, 'Candidatus Liberibacter asiaticus', is difficult to culture, and Koch's postulates have not yet been fulfilled. As a result, efforts have focused on obtaining the genome sequence of 'Ca. L. asiaticus' in order to give insight on the physiology of this organism. In this work, three next-generation high-throughput sequencing platforms, 454, Solexa, and SOLiD, were used to obtain metagenomic DNA sequences from phloem tissue of Florida citrus trees infected with HLB. A culture-independent, polymerase chain reaction (PCR)-independent analysis of 16S ribosomal RNA sequences showed that the only bacterium present within the phloem metagenome was 'Ca L. asiaticus'. No viral or viroid sequences were identified within the metagenome. By reference assembly, the phloem metagenome contained sequences that provided 26-fold coverage of the 'Ca. L. asiaticus' contigs in GenBank. By the same approach, phloem metagenomic data yielded less than 0.2-fold coverage of five other alphaproteobacterial genomes. Thus, phloem metagenomic DNA provided a PCR-independent means of verifying the presence of 'Ca L. asiaticus' in infected tissue and strongly suggests that no other disease agent was present in phloem. Analysis of these metagenomic data suggest that this approach has a detection limit of one 'Ca. Liberibacter' cell for every 52 phloem cells. The phloem sample sequenced here is estimated to have contained 1.7 'Ca. Liberibacter' cells per phloem cell.
Huanglongbing (HLB), also known as citrus greening, is a destructive and devastating disease of citrus causing great losses in citrus industries throughout the world (Bove 2006 ). This disease is characterized by yellow shoots, blotchy mottle on the leaves, and fruit that are small and lop-sided, with inverted coloring. HLB is transmitted between citrus trees by the psyllids Diaphorina citri (in Asia and America) and Trioza erytreae (in Africa) (McClean and Oberholzer 1965; Capoor et al. 1967; Bove 2006) . Progress in the study of this disease, including detection, treatment, and control, has been hindered due, in part, to the lack of effective culturing. Through microscopic examination and sequence analysis of polymerase chain reaction (PCR)-amplified 16S ribosomal DNA of infected tissue, it has been proposed that the causal agent of citrus greening is a phloem sieve tube-limited gram-negative bacterium that is a member of the alphaproteobacteria (Garnier et al. 1984; Jagoueix et al. 1994) . More recent studies have found HLB to be associated with three members of the genus 'Candidatus Liberibacter': 'Ca. Liberibacter asiaticus', 'Ca. L. americanus', and 'Ca. L. africanus' (Jagoueix et al. 1997; Teixeira et al. 2005) .
In order to get around the obstacle of 'Ca. Liberibacter spp.' being uncultured, attempts have been made to sequence the genome directly from infected tissue, in the hopes that knowledge of the genome will give better insight into how to culture this organism as well as how to combat it. Although 'Ca. L. asiaticus' is at a low titer in citrus trees, it is present in much higher numbers when infected in periwinkle and Dodder (Ghosh et al. 1978; Garnier and Bove 1983) . Therefore, DNA from infected plants in this system has been sequenced to obtain 8.56-and 14.7-kb segments of the 'Ca. Liberibacter' genome using a genomic walking method Lin et al. 2008) . Recently, 34 contigs of 'Ca L. asiaticus' str. psy62 genomic sequence, ranging in size from 1.033 to 186.24 kb for a total of 1.2 Mb of genomic sequence, has been deposited into GenBank (GenBank accession number ABQW00000000). These genomic sequences were obtained from bacteria extracted from the psyllid vector (Duan et al. 2009 ). At the time of our study, only 34 contigs were available for analysis, although the genome has been closed and is now published (Duan et al. 2009 ).
Therefore, in this article, we set out to confirm that the proposed 'Ca. L. asiaticus' contigs are, indeed, associated with HLB-symptomatic plants and not asymptomatic plants. Most HLB-infected trees in Florida are also infected with Citrus tristeza virus (CTV). We examined a CTV-free HLB isolate that was used to characterize the host range and symptoms of Florida HLB (Folimonova et al. in press) . In addition, a non-PCR-based metagenomic approach was used to investigate the microbial diversity within HLB-infected citrus tissue and whether there are any other pathogens present.
RESULTS

Verification of 'Ca. L. asiaticus' str. psy62 contigs.
In order to confirm that the 'Ca. L. asiaticus' contigs deposited in GenBank belong to the causative agent of HLB, it was necessary to verify that these contigs are present only in infected citrus tissue and not in healthy tissue. To that end, PCR reactions to assay for the presence of each contig were performed with genomic DNA from healthy and infected Citrus sinensis tissue. Before PCR, the 34 putative 'Ca. L. asiaticus' contigs in GenBank were assembled and reduced to 32, with NZ_ABQW01000005 assembling with NZ_ABQW01000033 and NZ_ABQW01000022 assembling with NZ_ABQW0100-0031. Of these 32 contigs, 30 were found to have bands of the expected size range in infected tissue but not healthy tissue (data not shown), confirming that these sequences are, indeed, associated with HLB symptoms and, therefore, from the likely causative agent of the disease. Of the two contigs that were not confirmed, there were either positive bands in both infected and healthy reactions or no positive bands in either reaction. These results could be explained by nonspecific primer binding to regions in the C. sinensis genome.
Confirmation of 'Ca. L. asiaticus' contig sequences.
Because 'Ca. L. asiaticus' contigs were detected only in infected tissue by PCR, a metagenomics approach was used to confirm that the entire sequence of each contig was present in HLB-infected phloem, further verifying that the sequences are from the causative agent of the disease. To do this, three nextgeneration sequencing platforms, 454, SOLiD, and Solexa, were used to generate a total of 13.6 gigabases of metagenomic sequencing reads from HLB-infected citrus phloem (Table 1) . With the large amount of sequence data obtained from HLB-infected phloem, high coverage of the 'Ca L. asiaticus' genome and, therefore, the 'Ca. L. asiaticus' contigs, was expected. To determine the level of 'Ca. L. asiaticus' coverage, all metagenomic sequencing data were run in a reference assembly against the 'Ca L. asiaticus' contigs. Of all phloem sequences, 0.23% matched the 'Ca. L. asiaticus' contigs, with coverage ranging from 20-to 60-fold per contig (Table 2 ). In addition, sequences from HLB-infected phloem spanned the entire length of each contig, with 99.69 to 100% of each contig matching the consensus sequence generated from the reference assembly (Table 3) .
The dataset from each high-throughput sequencing method was also run against the 'Ca L. asiaticus' contigs separately in order to determine whether there were any biases due to sequencing method. One of the major differences between the results of the three sequencing methods appears to be due to number of reads, with the 58.8 Mb of 454 sequences only yielding 0-to 0.341-fold coverage of the 'Ca. L. asiaticus' contigs (Table 2 ). In contrast, reference assemblies with Solexa and SOLiD data, which provide significantly more sequences (1.78 and 11.8 Gb), yielded 10.78-to 28.44-fold and 5.62-to 31.29-fold coverage, respectively, of the 'Ca. L. asiaticus' contigs (Table 2) . When looking at the consensus sequences generated by these two reference assemblies, Solexa sequences covered 98.9 to 100% of each 'Ca L. asiaticus' contig and SOLiD data covered 82.39 to 100 % ( (Table 2 ). There were also cases where SOLiD data yielded higher fold coverage of a contig but the increase was not as much. In one such case, contig NZ_ABQW01000026 had 18.077-fold coverage with SOLiD data and 10.862 with Solexa (Table 2) . Sequences from 454 did not approach the level of coverage seen using SOLiD or Solexa for any of the contigs, mostly due to the reduced number of sequences from 454 compared with the other two. For example, 454 yielded 0.25 million reads whereas SOLiD and Solexa yielded 337 and 49 million reads, respectively. However, overall, sequences from the three methods complemented gaps missed by the other two because, when analyzed separately, only 4 of the 32 'Ca. L. asiaticus' contigs had consensus sequences that covered 100% of their length but, when all data were assembled together against the 'Ca. L. asiaticus' contigs, 11 of those contigs had a 100% match (Table 3 ). With such high fold coverage and consensus sequences covering the entirety of each contig, it was concluded that these contigs are present in the phloem.
Comparison to alphaproteobacterial relatives.
In order to discount the possibility that the matches seen when comparing citrus phloem sequences to 'Ca. L. asiaticus' contigs are due to the presence of close alphaproteobacterial relatives, all infected phloem sequence data was compared with five fully sequenced alphaproteobacteria deemed to be closely related to 'Ca. L. asiaticus' after a BLAST of its contigs against an alphaproteobacterial database. The results of the reference assemblies with each of the five alphaproteobacteria showed that over 100-fold fewer sequencing reads match these alphaproteobacteria compared with 'Ca. L. asiaticus' contigs (Table 4 ). For example, the closest match, Rhizobium leguminosarum bv. viciae 3841, had 8,012 reads match its genome while 900,124 reads matched the 'Ca. L. asiaticus' contigs. In addition, sequencing reads from infected phloem yielded an average 26.34-fold coverage of the 'Ca L. asiaticus' contigs but none of the alphaproteobacteria had greater than 0.175-fold coverage (Table 4) . Therefore, the bacterial DNA in phloem is specific to 'Ca L. asiaticus' and even close relatives do not match this DNA. This confirmation of 'Ca L. asiaticus' in symptomatic plant tissue further supports its proposed role as the causative agent of HLB. 
Assessment of bacterial diversity.
Automated ribosomal intergenic spacer analysis (ARISA) was performed for the initial assessment of bacterial diversity within HLB-infected phloem. Amplification with ARISA primers yielded two dominant peaks in healthy (740 and 1,330 bp) and three dominant peaks in infected (740, 1,330, and 1,600 bp) phloem (Fig. 1) . To determine the identity of these peaks, the ARISA PCR was run on a gel and the bands extracted, cloned, and sequenced in a 96-well plate. The 740-and 1,330-bp bands were from C. sinensis chloroplast and mitochondria, respectively, while the 1,600-bp band unique to infected tissue was from 'Ca. Liberibacter' 16S ribosomal (r)RNA. Of all the sequences obtained from the 1,600-bp band, there was a 100-fold excess of 'Ca. Liberibacter' sequences, indicating it as the most abundant bacterium present within the phloem.
Once the 'Ca L. asiaticus' contigs were confirmed in infected citrus tissue, metagenomic sequencing data from the infected phloem was analyzed to further assess whether 'Ca L. asiaticus' was the only bacterium present in this sample. Bac- terial diversity in the phloem of C. sinensis plants infected with 'Ca L. asiaticus' was analyzed by searching total DNA sequences obtained from infected phloem for 16S rRNA gene sequences. Because plant chloroplasts are related to Cyanobacteria, plant chloroplast sequences were filtered out of the phloem sequences. To do this, the entire dataset was assembled against the C. sinensis chloroplast genome and nonassembled reads were taken for further analysis. Approximately 5.7 million of the total sequencing reads matched the chloroplast genome and were removed. The remaining 381,056,442 sequences were run in a reference assembly against the Ribosomal Database Project (RDP) database. Sequences from the 454, Solexa, and SOLiD data sets were run both separately and together. Each reference assembly yielded an output with the number of sequencing reads matching each reference in the database, average coverage of each 16S rRNA match, and length of the consensus sequence matching each 16S rRNA gene. In each assembly, the 16S rRNA sequence from the database with the greatest number of matches to infected citrus phloem sequence was 'Ca. Liberibacter' (Supplementary Tables  S1, S2 , S3, and S4). In addition, the 'Ca. Liberibacter' 16S rRNA gene had the highest fold coverage and longest consensus sequence over the entirety of the gene compared with any other bacteria in the database (Table 5 ). In total, the phloem metagenome from all three sequencing platforms combined yielded a fold coverage of 23.17 of the 'Ca. Liberibacter' 16S rRNA gene, with a consensus sequence of 1,212 bp in length (Table 6 ). The length of the 'Ca. Liberibacter' 16S rRNA sequence in the database was 1,448 bp; therefore, 83.7% of the 16S rRNA gene was covered (Table 6 ). In contrast, the next highest match, the 16S rRNA gene from Nitrospina gracilis, had a fold coverage of 1.45 and a consensus sequence that only covered 7.15% of the gene. All other matches to members of the RDP database covered less than 14% of the total 16S rRNA gene. Even coverage over the entire length of the 16S rRNA gene is expected for any bacterium present in the phloem; therefore, 'Ca. Liberibacter' is likely the only bacterium present. In addition, the short regions within the 16S gene of the other RDP matches had 90 to 100% identity with sequences in 'Ca L. asiaticus' and citrus chloroplast and mitochondria when compared against these references on GenBank. Therefore, it was concluded that these matches were false positives. Given that it would be impossible eliminate all falsepositive matches due to alignment and sequencing errors, a threshold fold coverage detection limit was determined. In order to calculate this detection limit, the mean and standard deviation were calculated from the fold coverage of every RDP 16S rRNA match. Any RDP match with a fold coverage greater than the mean plus 3 standard deviations (1.89) was deemed to be significant and above the threshold fold coverage that would be seen with any 16S rRNA gene assembling to remaining citrus and 'Ca. Liberibacter' sequences due to misalignments or sequencing errors. Because 'Ca. Liberibacter' was the only RDP database member to have coverage above 1.89, it was deemed to be the only bacterium likely present in citrus phloem. Similar results were seen when SOLiD and Solexa data were run against the RDP database separately, yielding a fold coverage of the 'Ca. Liberibacter' 16S rRNA of 17.37 and 5.23, respectively (Table 6 ). When 454 sequences were run separately, fold coverage was 0.33, with a consensus sequence matching only 26.17% of the 'Ca. Liberibacter' 16S rRNA gene (Table 6 ). This number is not entirely surprising because very few 454 reads matched any of the 16S rRNA sequences. Given that the average read length of the 454 sequences was 248 bp and only two of those reads matched the 1,448-bp 'Ca. Liberibacter' 16S rRNA gene, a match to only 26% of the 16S rRNA is unsurprising. There was only one other species in the entire database that had a matching member when run against the 454 data and it had 100-fold lower coverage than 'Ca L. asiaticus' (Table 5) . As a result, the 454 data had little effect on the results of citrus phloem community analysis using the RDP database. It is likely this is due to the low amount of sequence generated by 454 compared with the other two methods. It is clear, however, that both SOLiD and Solexa contributed to the community analysis, because the overall fold coverage determined by the reference assembly using all three sets of sequencing data was higher than the fold coverage found when analyzing these datasets separately (Table 6 ).
Other reported HLB-associated bacteria not present. In addition to 'Ca. Liberibacter spp.', other bacteria have been reported to be associated with HLB infection in citrus, including Propionibacterium acnes, 'Ca. Phytoplasma asteri', and pigeon pea witches'-broom phytoplasma (Davis et al. 2008; Teixeira et al. 2008; Chen et al. 2009 ). These reports are in contradiction to the results of the 16S rRNA analysis of the citrus metagenome, which yielded a fold coverage of 0.023 and 0.026 for 'Ca. P. asteri' and P. acnes, respectively, which corresponds to one 35-bp sequencing read matching the 16S rRNA gene. To further confirm the presence or absence of these bacteria in the current study, reference assemblies of the metagenomic sequences were run against the genomes of these bacteria available on GenBank. In both cases, the fold coverage of these genomes was more than 100-fold lower than the coverage of 'Ca. L. asiaticus' (Table 7) . These results indicate that 'Ca. P. asteri' and P. acnes are not present in the sample; otherwise, much higher coverage of these genomes would be expected if these bacteria were present in citrus phloem. In comparison, even the non-HLB-associated actinobacterial relative of P. acnes, Micrococcus luteus, had 0.038-fold coverage when assembled with the citrus metagenomic sequences, double the fold coverage of P. acnes (Table 7) . Seeing a non-HLBassociated bacterium with a higher fold coverage than a bacterium reportedly associated with HLB indicates that the genome of any bacteria will match such a large amount of metagenomic sequences due to alignment with conserved genes. Upon closer inspection, 84 to 99% of the sequencing reads that matched the genomes of these three bacteria aligned to regions in the 16S and 23S rRNA genes. If P. acnes was truly present in the sample, a more even distribution of reads aligning over the genome would be expected. It is likely that a large number of these sequences matching the 16S and 23S rRNA genes are derived from the rRNA genes of citrus chloroplast and mitochondria, which would be present in citrus tissue in higher numbers and, therefore, inflate the fold coverage of any bacterial genome compared with the metagenome. To test this idea, rRNA regions in the reference assemblies with many metagenomic sequence matches were found to have greater than 90% and, in some cases, 100% identity with sequences from the C. sinensis chloroplast genome. Furthermore, when the reference assemblies were repeated with reads that had the C. sinensis chloroplast genome filtered out, the number of matching bases and fold coverage of 'Ca. P. asteri', P. acnes, and M. luteus, as well as the genomes from five reference alphaproteobacteria, were significantly reduced (Table 8 ). In contrast, the fold coverage of 'Ca L. asiaticus' contigs remained above 26 even with chloroplast sequences removed. These analyses validate the observation that the majority of sequences matching these genomes were chloroplast in nature and these other bacterial species were not present in the phloem sample because any bacterial genome is likely to have a low level of fold coverage when compared against such a large number of metagenomic sequences due to the conserved regions in rRNA genes.
In order to test the hypothesis that 'Ca. P. asteri' and P. acnes were not present in citrus phloem, a detection limit was calculated to determine the threshold level of sequencing matches required to be 99% confident that a bacterial genome is truly present in the sample. The detection limit of these metagenomic sequences was set at three standard deviations above the mean fold coverage of seven bacterial genomes referenced against the entire metagenomic dataset. At this level, any genome with a fold coverage of 0.29 or greater was considered to be above the background level of false-positive sequence matches and deemed to be present in the citrus phloem. This corresponds to 0.0021% of all bases and reads in the metagenomic dataset, or approximately 8,144 of the 386,745,534 total reads and 285,030 bases of the total 13.6 Gb of metagenomic data. 'Ca. L. asiaticus' was the only genome analyzed with a fold coverage greater than this threshold. Neither 'Ca. P. asteri' nor P. acnes had enough sequencing reads match their genomes to achieve a fold coverage approaching this limit. Therefore, 'Ca. L. asiaticus' was the only one present within these phloem samples.
Approximately 0.23% of the 13.65 billion bases sequenced in this work are from 'Ca. Liberibacter spp.' Assuming a dip- loid genome size of citrus at 900 Mb, these data represent a 15-fold coverage of the diploid citrus genome or can be considered the full chromosomal content of 15 citrus phloem cells. Assuming a 'Ca. Liberibacter' genome size of 1.21 Mb, the 26-fold coverage of the 'Ca. Liberibacter' genome obtained here can be considered to be the full chromosomal content of 26 'Ca. L. asiaticus' cells. This suggests that the phloem sample sequenced here possessed 1.7 'Ca. L. asiaticus' cells per phloem cell. Based on our detection limit of 0.29-fold coverage, the metagenomic approach described here could detect 1 'Ca. L. asiaticus' cell for every 52 phloem cells.
DNA viruses and viroids not present.
Because Koch's postulates have not been completed for HLB, it is possible that other agents, such as a virus or viroid, may be involved in the development of disease symptoms. To determine whether any such agent is present in HLB-infected phloem, all metagenomic sequence data was compared against a virus and viroid database. When a reference assembly of greening infected phloem sequences against the viroid database was performed, no sequencing reads assembled, indicating that there are no known viroids present within the phloem. This result is not unexpected because the phloem sample sequenced was of DNA extracted directly from the plant tissue and no reverse-transcriptase steps to obtain RNA sequences were performed. The reference assembly against the virus database did yield matches, but none showed good coverage. The highest fold coverage to any member of the virus database was 2.04-fold but the consensus sequence only spanned less than 1% of the reference that it matched (Supplementary Table  S5 ). Considering the short nature of the consensus sequence and the fact that the match was to Hepatitis, a human virus, it is unlikely that this virus is present in the phloem sample. Although the amount of sequencing in this study may not be sufficient to detect low abundance viral particles, the amount of sequence obtained for this work should be sufficient to detect virus particles that are sufficiently abundant to cause disease. Therefore, DNA viruses are not likely to play a role in HLB in the phloem.
High coverage of citrus.
The DNA sequenced for this metagenomic analysis was extracted from total citrus phloem; therefore, it was expected that the dataset would include a high coverage of the C. sinensis genome in addition to the genomes of any microorganisms present. In order to confirm this, all phloem sequences were run through a reference assembly against a citrus expressed sequence tag (EST) database. Of the 34,505 EST in the database, 79.85% had hits from the phloem sequence, with an average fold coverage of 13.19 (results not shown).
DISCUSSION
Most of the research results that associate 'Ca. Liberibacter spp.' to HLB diseases in citrus involve microscopic examinations, cloning, and sequencing of PCR-amplified DNA from infected tissue and other PCR-based techniques. In this study, a PCR independent metagenomic approach was taken to confirm the presence of 'Ca. L. asiaticus' contigs, determine whether other organisms may be present, and assess the microbial diversity in HLB-infected phloem. Prior to confirming the role of 'Ca. L. asiaticus' in infected citrus phloem, it was first necessary to verify that the contigs for this strain's genome in GenBank were only present in infected tissue. To that end, PCR performed with primers designed to each of the 'Ca. L. asiaticus' contigs confirmed that 30 of the 32 contigs were present in HLB-infected but not healthy citrus tissue.
Once it was confirmed that the 'Ca. L. asiaticus' contigs were present only in HLB-infected tissue, the presence of those contigs in infected citrus phloem was examined by metagenomics. In this analysis, all contigs were present in infected phloem with fold coverage ranging from 20.642 to 60.067. Such high fold coverage of these contigs from HLBinfected phloem further confirms the validity of these contigs belonging to the genome of 'Ca. L. asiaticus' and a causative agent of HLB. It is unlikely that the high coverage of 'Ca. L. asiaticus' is due to the presence of another alphaproteobacterium in the tissue because a selection of genomes from five different alphaproteobacterial relatives of 'Ca. Liberibacter spp.' did not have greater than 0.2-fold coverage.
Because Koch's postulates have not been completed for 'Ca. Liberibacter spp.' in HLB disease, it is possible that another pathogen or pathogens may play a role in disease development. For this reason, the composition of the microbial community in infected citrus phloem was also investigated by assembling the citrus phloem metagenome sequences against the 16S rRNA database from RDP. This analysis was run with data from three different high-throughput sequencing methods separately as well as with all the data combined and, in each case, the 'Ca. L. asiaticus' was found to be the only bacterium with significant coverage of its 16S rRNA gene. For all other bacteria in the RDP database, metagenomic sequences matched no greater than 13.5% of the 16S gene or a fold coverage of 1.45. If any other bacteria were present within the citrus phloem, a more even coverage over the entire 16S rRNA gene would be expected because the total DNA extract from infected phloem was sequenced without using any PCR amplification that would create biases. Therefore, it can be said with confidence that the matches of the contigs and 16S rRNA gene with the metagenomic dataset from HLB-infected phloem are indeed due to the presence of 'Ca. L. asiaticus' in infected phloem and not another bacterium. In addition, no known DNA virus was identified in the metagenomic analysis although, in the field, most HLB-infected trees are also infected with CTV. However, the samples examined were chosen because they are free of CTV. We have examined the interaction of CTV and HLB and found little or no synergistic interactions (Folimonova et al. in press) . Therefore, viruses were discounted as playing a role in HLB.
The results from this study differ slightly from others assessing the microbial diversity of HLB-infected citrus plants. In the current study, the only bacterium found to be present in infected citrus was 'Ca. L. asiaticus' whereas Sagaram and associates (2009) found a large diversity of microorganisms, comprising 47 orders of bacteria. However, two very different samples were analyzed in these studies. Sagaram and associates (2009) were looking at entire leaf midribs whereas the current study looked at phloem scraped from the inside of C. sinensis bark that was pealed from growing trees. The entire midrib includes the apoplast, which is known to harbor bacterial endophytes. It is likely that a larger array of bacteria are present in leaf tissue than are actually inside the phloem cells of the plant vascular system. The causative agent of HLB is thought to be restricted to phloem sieve tubes; therefore, this tissue is the ideal for examining HLB-associated DNA sequences. Because 'Ca. Liberibacter spp.' are intracellular within phloem cells, being spread systemically from the site of infection to other tissues, there will be fewer bacteria present in this environment because any present would have to bypass more plant defense mechanisms to enter the cell. Although midribs do contain phloem tissue, other leaf tissue is also present in such preparations and would contain additional bacteria that would inflate the estimate of microbial diversity directly in contact with 'Ca. L. asiaticus'.
In addition, Chen and associates (2009) reported a strain of 'Ca. P. asteri' associated with HLB-infected citrus that was also not identified in the current study. Because that study also examined leaf midribs as opposed to phloem cells from the bark, differences in the bacteria identified are not surprising. Although this study also reported observing phytoplasma in phloem sieve tube cells from midribs using electron microscopy, the majority of the microscopic examinations were performed in periwinkle, which showed an enrichment of the bacterium compared with citrus. Furthermore, the identification of phytoplasma in sieve tubes was done on the basis of cell wall thickness, without any molecular means of confirming their identity such as a phytoplasma-specific antibody. Thus, it is not certain that the phytoplasma are present in the sieve tube cells of citrus. However, these results do not preclude the possibility that phytoplasma can cause citrus-greening-like symptoms in citrus in some areas. In this work, citrus is shown to have these symptoms with 'Ca. Liberibacter spp.' exclusively.
In another study, Davis and associates (2008) looked specifically at phloem tissue in an attempt to culture 'Ca. L. asiaticus' and obtained a co-culture of 'Ca L. asiaticus' with actinobacteria related to P. acnes based on 16S rRNA analysis, with a 1,006-bp 16S rRNA sequence from the co-culture having 100% identity to P. acnes. These observations are in contrast to the results of the present study because there was no significant coverage of the P. acnes genome in the metagenomic sequences. Although 'Ca. L. asiaticus' was reported to have been co-cultured with P. acnes, it took 31 culturing attempts to obtain a second co-culture with these bacteria and 12 additional attempts to obtain a third co-culture from HLB-infected plants (Davis et al. 2008 ). The number of repeated attempts necessary to obtain co-cultures with P. acnes from HLB-infected tissue indicates that this bacterium may not be a common inhabitant of citrus. If P. acnes was commonly found in citrus plants and capable of supporting 'Ca. L. asiaticus' in co-culture, a higher abundance of P. acnes DNA would be expected in these plants. In addition, Davis and associates (2008) used P. acnes-specific primers to detect the bacterium in DNA extracts from citrus but only three healthy plants were reported to be positive for P. acnes. Also, whereas Davis and associates (2008) state that they identified P. acnes in their co-cultures, they did not specify whether PCR was performed to identify P. acnes in DNA directly isolated from HLB-infected plants. Furthermore, P. acnes is a commensal of human skin (Brüggemann et al. 2004) , and its identification in plant tissues may be the result of contamination while handling the samples. In this work, P. acnes was not found in the metagenomic sequences and may not be associated with 'Ca. L. asiaticus' in planta.
Given the large amount of sequencing data generated by the three high-throughput sequencing methods, there is a high likelihood that the genome of any bacteria present in the phloem sample would have been detected. To test this, a detection limit of three standard deviations above the mean observed fold coverage of a bacterial genome was used to distinguish between the false and genuine sequence matches to the 'Ca. L. asiaticus' genome. Only the 'Ca. L. asiaticus' genome sequences met this standard. In addition, the level of 16S rRNA coverage by other bacteria was also much lower than expected for a bacterium to be present in these samples. In both cases, when looking at entire genomes or specifically at 16S rRNA genes, 'Ca. Liberibacter' was the only bacterium identified above these detection limits. Furthermore, fold coverage of the 'Ca. Liberibacter' 16S rRNA and genome were 12 and 90 times higher than these limits, respectively. Because 'Ca. L. asiaticus' occurs in very low concentrations in infected citrus (Tatineni et al. 2008) and was identified at such high levels above the detection limit, we are confident that any other low-abundance bacteria present in the tissue would have been detected by this method.
This article presents a new approach to evaluating the microbial diversity present in citrus tissue by a PCR-independent metagenomic method. This method has the advantage of avoiding biases based on PCR amplification and cloning (Polz and Cavanaugh 1998) . In addition, by using high-throughput sequencing methods, a greater sequencing depth of the entire citrus phloem sample was obtained at a lower per-base cost than traditional Sanger sequencing. Similar metagenomics studies have also been applied to investigate the causative agents of other diseases. Using 454 pyrosequencing, colony collapse disorder (CCD) in honey bees (Apic mellifera) was found to be associated with Israeli acute paralysis virus (IAPV), an unclassified dicistrovirus (Cox-Foster et al. 2007) . In that study, results from the metagenomic analysis contrasted with previously proposed causative agents of CCD. Although IAPV sequences were found only in CCD cases, Nosema ceranae and an Iflavirus sp. proposed to be associated with the disease were identified in both CDD and non-CCD cases (Cox-Foster et al. 2007) . As a result, this demonstrates how the metagenomics approach can be used to pinpoint disease agents free from culturing, PCR, and cloning biases.
In summary, this study used a culture-and PCR-independent metagenomic approach to verify the validity in citrus of the reported 'Ca. L. asiaticus' contigs that were obtained from infected psyllids, determine that it is the major and, perhaps, the only bacterium present in the phloem of infected citrus phloem, and thereby substantiate its proposed role as the likely causative agent of HLB. With the decreasing costs in sequencing due to high-throughput methods and the level of sequence coverage of samples analyzed, metagenomics will become a most effective method for studying uncultured plant pathogens in the future. This will allow researchers to examine a broader view of the complexity of organisms present in the diseased state.
MATERIALS AND METHODS
Sample preparation and DNA extraction.
Eleven citrus plants, including C. volkameriana, C. aurantifolia cv. Swingle, C. limon cv. Eureka, 'Hirado Buntan Pink,' and C. sinensis cv. Valencia, symptomatic for citrus greening, were sampled. Branches were cut from plants and surface sterilized by wiping with tissue paper and 70% ethanol. The bark, which was 'slipping' in growing plants, was removed and the phloem cells were scraped off by using a sterile, disposable scalpel. DNA was extracted directly from the phloem cells.
DNA was isolated from the collected phloem tissue samples (approximately 150 mg) using the FastDNA Kit (Qbiogene, Inc., Carlsbad, CA, U.S.A.). After the DNA extraction, samples were purified with the DNeasy Tissue kit (Qiagen, Valencia, CA, U.S.A.) following the manufacturer's instructions. This procedure was repeated to obtain enough DNA for 454, SOLiD, and Solexa sequencing.
PCR to confirm validity of 'Ca. L. asiaticus' contigs in GenBank.
DNA extracted from healthy and infected C. sinensis cv. Valencia (as described above) was used as template in PCR reactions with primer pairs for each 'Ca. L. asiaticus' contig in GenBank. Primers were designed to amplify a 0.5-, 1-, or 2-kb fragment from each contig using Primer3 (v. 0.4.0) (Supplementary Table S6 ). PCR reactions contained 4 μl of 5× HF Phusion Buffer (New England Bioloabs, Ipswich, MA, U.S.A.), 200 μM each dNTP, 2.5 μM each primer, 0.4 U of Phusion polymerase, and approximately 50 ng of DNA template in a final volume of 20 μl. PCR reactions were held at 98°C 30 s; followed by 30 cycles of 98°C for 10 s, 60°C for 30 s, and 72°C for 1 min; with a final extension at 72°C for 10 min. PCR products from healthy and HLB-infected samples were resolved on a 1% agarose gel and examined for bands in the expected size range.
ARISA analysis, cloning, and sequencing for initial assessment of bacterial diversity and to confirm presence of 'Ca. L. asiaticus'.
Bacterial community composition was assessed by ARISA (Fisher and Triplett 1999) . ARISA is a molecular technique for constructing bacterial community fingerprints based on the length heterogeneity of the intergenic transcribed spacer region of bacterial rRNA operons (Bosshard et al. 2000) . Treating the elements of ARISA profiles as operational taxonomic units allows for bacterial community comparisons. In this study, ARISA profiles were assumed to be indicative of bacterial community composition, and differences in ARISA profiles were assumed to reflect variation in the composition of the respective bacterial communities.
PCR reaction mixtures contained 5 μl of 10× PCR buffer (Promega, Madison, WI, U.S.A.), 200 μM each dNTP, 100 μM each primer, 2.5 U of Taq polymerase, and approximately 100 ng of DNA template (estimated by using NanoDrop ND-1000 spectrophotometer) in a final volume of 50 μl. The primers used were 787F (5′-ATTAGATACCCNGGTAG-3′) (Roesch et al. 2007 ) and L-D-Bact-132-a-A-18 (5′-CCGGGTTTCCCCA TTCGG-3′) (Ranjard et al. 2001) . Reaction mixtures were held at 94°C for 3 min; followed by 30 cycles of amplification at 94°C for 45 s, 55°C for 1 min, and 72°C for 2 min; and a final extension of 72°C for 7 min.
Sample fragments were then discriminated by using on-chip gel electrophoresis with the Agilent 2100 Bioanalyzer and DNA LabChip kit 7500. Briefly, a ladder with known fragment sizes is loaded and a standard curve of migration time versus fragments size is plotted. The size of each fragment in the sample is then calculated by taking into account the migration times measured. Lower and upper marker standards are also run with each sample in order to align the ladder data with data from the sample wells. Data is translated into gel-like images (bands) and electrophelograms (peaks).
After the dominant peaks were detected, the PCR products were loaded in a 1.2% agarose gel and the bands were identified and excised. The bands were purified using QIAEX II Gel Extraction Kit (Qiagen) following the manufacturer's instructions. The purified fragments were cloned into a TOPO TA Cloning (Invitrogen, Carlsbad, CA, U.S.A.). Plasmids were purified with the QIAprep spin miniprep kit (Qiagen) and gene fragments were cycle sequenced using T7 primer in a DYEnamic ET terminator cycle sequencing kit (GE Healthcare, Piscataway, NJ, U.S.A.) on a PTC200 thermocycler (Bio-Rad, Hercules, CA, U.S.A.) and run on a 96-well MegaBACE 1000 capillary sequencer (GE Healthcare). Once the presence of 'Ca. Liberibacter spp.' was confirmed by sequencing, DNA from one positive tree was used for further analysis.
ARISA sequence analysis and classification.
The sequences obtained for each excised band were initially analyzed by using VecScreen, an on-line tool for identifying segments of a nucleic acid sequence that may be of vector origin. After manual edition for the elimination of potentially chimeric sequences, phylogenetic analyzes were conducted using MEGA version 4 (Tamura et al. 2007 ). The evolutionary distance among the sequences was inferred using the neighborjoining method (Saitou and Nei 1987) , and a bootstrap test (500 replicates) was conducted in order to calculate the confidence limits of the phylogeny (Felsenstein 1985) . All positions containing gaps and missing data were eliminated from the dataset (complete deletion option).
High-throughput sequencing.
Three high-throughput sequencing methods were used to assess the bacterial diversity of a symptomatic C. sinensis cv. Valencia plant. DNA from one 'Ca. Liberibacter sp.'-positive plant was used for 454 pyrosequencing, Solexa, and SOLiD sequencing. Analyses were performed with DNA extracted from an infected citrus tree positive for citrus greening according to the ARISA analysis, cloning, and sequencing of the DNA fragments. For 454, 10 μg of DNA was sent to the Interdisciplinary Center for Biotechnology Research (ICBR) at the University of Florida, prepared according to the manufacturer's instructions, and sequenced using the 454 Genome Sequencer FLX System (454 Life Sciences, Branford, CT, U.S.A.). An additional 10 μg of DNA was sent to ICBR at the University of Florida and used for SOLiD sequencing according to the manufacturer's protocols (Applied Biosystems, Carlsbad, CA, U.S.A.). For Solexa sequencing, 10 μg of DNA was sent to the Center for Genome Research and Biocomputing at Oregon State University, where it was prepared using the manufacturer's standard protocols and run on the Illumina 1G Genome Analyzer (Illumina, Hayward, CA, U.S.A.).
Sequence analysis.
Reads obtained from each sequencing method were analyzed using CLC Genomics Workbench Version 3.2. Parameters used were 99% similarity for 454 reads, a limit of 1 for Solexa and SOLiD, and a mismatch cost of 3. All other parameters were set to the program's default. Analyses of the data from each sequencing method were run individually and pooled together. To determine microbial community composition within C. sinensis phloem, all sequence data was first run through a reference assembly against the C. sinensis chloroplast genome from the National Center for Biotechnolgoy Information (NCBI) (NC_008334) to eliminate false positives from chloroplast rRNA. Sequencing reads that did not assemble to the chloroplast genome were used in a reference assembly against the 16S database from the RDP. The reference assemblies were done on the entire dataset as well as individually for 454, Solexa, and SOLiD data. To determine whether any viruses or viroids were present in the phloem of the greening-infected plant, all sequencing reads were run in reference assemblies against viroid and virus databases. The viroid database was composed of all 39 completed viroid genomes from NCBI and the virus database was composed of all annotated virus genomes from the Viral Bioinformatics Resource Center.
To estimate the level of 'Ca. L. asiaticus' genome coverage present in the phloem sequences, a reference assembly of the data was run against all 'Ca L. asiaticus' str. psy62 contigs available in GenBank (NZ_ABQW00000000). Four reference assemblies were performed with the putative 'Ca. L. asiaticus' contigs, one each for 454, SOLiD, and Solexa data, as well as a collective reference assembly with all data from each method. Prior to performing the reference assemblies, the 34 'Ca. L. asiaticus' contigs from GenBank were assembled in SeqMan Pro Version 7.2.1 (DNAstar, Lasergene, Madison, WI, U.S.A.), which reduced the number of contigs to 32.
In order to confirm that the 'Ca. L. asiaticus' matches seen in citrus phloem were not the result of other alphaproteobacteria present in citrus phloem, reference assemblies with the sequenced genomes of five alphaproteobacterial relatives were performed. The genomes used in this analysis were selected by performing a local BLAST search of the 'Ca L. asiaticus' contigs against a database of 40 fully sequenced alphaproteobacteria, including a representative from each fully sequenced
